The Kamioka Liquid-scintillator Anti-Neutrino Detector (KamLAND) has detected for the first time the disappearance of electron antineutrinos from a terrestrial source at the 99.95% C.L.
Reactor Antineutrino Experiments and Neutrino Oscillation
Nuclear reactors emit a calculable flux of electron antineutrinos (ν e s) in all directions. For standard particle propagation, one expects a detector located a distance L from the reactor to measure a flux that decreases as 1/L 2 . But ifν e s are massive, they may "oscillate" into undetectable flavors on the way to the detector, leading to an apparent "disappearance" of theν e s.
Neutrinos are produced and detected in weak interactions, which couple to the weak eigenstates ν l , where l = e, µ, τ . For massive neutrinos, the weak eigenstates may be expressed as a linear combination of three mass eigenstates ν i , i = 1, 2, 3, with mass m i :
U li is a 3 × 3 unitary "mixing" matrix and is analogous to the CKM matrix in the quark sector. As a neutrino propagates through vacuum with momentum p ν , the phase of each mass eigenstate will change at different rates according to
where
. At times t > 0 the neutrino will be in a superposition of the weak eigenstates. The probability of detecting flavor ν l ′ at a distance L ≈ t from the source is then
In neutrino oscillation experiments, it is common to simplify to two neutrino flavors, say ν e and ν µ , in which case U li is parameterized by a single mixing angle θ. In this picture, the probability of a neutrino emitted as ν e to be detected as ν e is then P (ν e → ν e ) = 1 − sin 2 2θ sin
where L osc = 4πpν ∆m 2 . Here, ∆m 2 = |m | is taken to be the mass-squared difference between two "effective" mass eigenstates relevant to ν e ↔ ν µ mixing.
Note that P (ν e → ν e ) is a sinusoidal function of L, hence the name "neutrino oscillation". 
where N e is the number-density of electrons in the material, and f (0) is the forward scattering amplitude. ∆n changes the phase of the ν e -component relative to the other components by 2π over a distance L 0 given by
where G F is the Fermi constant. This phenomenon, called the MSW effect, alters the two flavor oscillation probability as follows:
For neutrinos created in and propagating out of the sun, L 0 ≈ 200 km ≪ R sun , and matter effects are significant. The result is that ν e disappearance experiments that use the sun as a source, such as Homestake, 5 GALLEX, 6 SAGE, Note that both neutrino beams and reactors are "laboratory-style" experiment, in which both the source and the detector are controlled. The physics of neutrino
propagation can then be cleanly tested separately from the mechanisms involved in the production of the neutrinos.
Calculating Reactor Antineutrino Fluxes
More than 99.9% ofν e s emitted by nuclear reactors are produced in the decay chains of the fission products of only four isotopes: 235 U, 238 U, 239 Pu, and 241 Pu.
The number of fissions of each of these isotopes over the data-taking period is estimated from a Monte Carlo simulation of the reactor core that tracks fuel burn-up and U/Pu production over reactor fuel cycles. The performance of such simulations has been verified by comparing the simulated fuel composition at the end of a fuel cycle with measurements of isotopic abundances in the actual spent fuel rods.
The inputs to the simulation include the initial fuel composition and periodic measurements of the secondary calorimetric power, the pressure and flow rate in the primary cooling system, and various other operational parameters. However, the results of the simulations depend very weakly on most of the inputs. Accuracy is required only for the fuel composition and the power, on which the fission rates depend linearly. The power is measured rather precisely: reactors are regulated SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California to operate at about a standard deviation or so below their rated power outputs.
The economic incentive to produce as much power as possible pushes this error to be small; uncertainties < 1% are common.
The emittedν e spectrum is then calculated by summing the spectrum emitted by each isotope weighted by the number of fissions of that isotope during the data taking period. For 235 U, 239 Pu, and 241 Pu,ν e spectra are derived from β-spectra measurements. 11 ,12 Extracting theν e spectra from the β-spectra is non-trivial;
it involves complex bookkeeping of the decay chains for each daughter nucleus and summing the contributions. The spectra are normalized to the number of ν e s emitted per fission, and have uncertainties of a few percent. For 238 U, no measurements are available, so we must rely on a calculation 13 of theν e spectrum.
The uncertainty in the calculation is ∼10%, but since fissions from 238 U make up only ∼10% of the signal, this results in a 1% uncertainty in the fullν e flux.
Reactor experiments typically detectν e s via inverse-β-decay,ν e + p → n + e + , because the 2-particle final state distinguishes theν e from most other particles and dramatically reduces backgrounds. The positron carries away almost all of the energy of the incident neutrino, so that the detected positron spectrum is to a good approximation the incident neutrino spectrum folded with the detection cross section and shifted by a constant energy. The cross section has a threshold of 1.8 MeV, and has been calculated 14 with uncertainties on the level of a percent.
The most recent generation of reactor experiments, Palo Verde 15 and Chooz, 16 showed that uncertainties on the level of a few percent can be achieved for these calculations. The fact thatν e disappearance has not been detected in reactor experiments with baselines up to ∼1 km 15−20 allows one to view these experiments as a verification the reactor flux calculations to within a few percent over most of reactor neutrino spectrum.
The KamLAND Experiment
KamLAND uses the entire Japanese nuclear power industry as a 180 GW th long- Antineutrino events are selected according to the following criteria: time correlation 0.5 µs < ∆t < 660 µs; vertex correlation ∆R < 1.6 m; prompt event energy E p > 2.6 MeV; delayed event energy 1.8 MeV < E d < 2.6 MeV; spherical fiducial volume R < 5 m; cylindrical radius ρ > 1.2 m. The cut on E p eliminatesν e backgrounds from geological U/Th sources. The cylindrical radius cut removes backgrounds from thermometers deployed along the z-axis to monitor the scintillator. The total efficiency of these cuts was determined to be 78.3 ± 1.6%, and the residual accidental backgrounds, estimated using an off-coincidence time correlation window 20 µs < ∆t < 20 s, is negligible at < 10 −5 events per day.
The size of the fiducial volume is determined by counting the ratio of uniformly distributed spallation products that pass the fiducial volume cut. The distribution analysis at a small cost in efficiency with negligible uncertainty.
The systematic uncertainties are listed in Table 1 . The largest contribution to the systematics comes from the estimate of the fiducial mass ratio. The total uncertainty is 6.4%.
For no oscillations, in 145.1 live-days we expect 86.8 ± 5.6 events with 1 ± 1 of these coming from backgrounds. The observed number of events is 54, giving a ratio The positron energy spectrum is histogrammed in Figure 5 . An unbinned maximum likelihood fit was performed and included terms for changes in the overall rate and shape of the spectrum at different points in ∆m 2 − sin 2 2θ parameter space. The best fit solution is plotted as the shaded histogram, and corresponds to ∆m 2 = 6.9 × 10 −5 eV 2 and sin 2 2θ = 1.0. The regions in parameter space allowed at 95% C.L. are drawn in Figure 6 . Also shown is the exclusion region in ∆m 2 − sin 2 2θ parameter space based on the KamLAND rate alone. Assuming CPT invariance (i.e. that ν andν masses are identical), all neutrino oscillation solutions to the solar neutrino problem are excluded except LMA. The KamLAND result divides LMA into two regions of higher and lower ∆m 2 . The sensitivity in sin 2 2θ is rather poor. Values of ∆m 2 between the inclusion regions in general predict large distortions in the energy spectrum that were not observed and are hence disfavored. Constant suppression of the non-oscillated spectrum is consistent with the data at 53% C.L. The inclusion region extends to high ∆m 2 where spectral distortions can not be distinguished with current statistics and energy
resolution. An upper limit can be placed on ∆m 2 using the non-observation ofν e disappearance by Palo Verde and Chooz. 
Future of Reactor Experiments
With the latest generation of solar and reactor experiments dawns a new age in precision neutrino oscillation physics. The next step in this exciting field will be to improve on current measurements and to measure some of the remaining unknown parameters in full three-flavor mixing. In addition to the three masses m i , there are 6 free parameters in the mixing matrix U li . It is possible to parameterize U li as follows: It is significant that KamLAND, which uses yet another detection technique and is sensitive to vacuum oscillations of antineutrinos, gives oscillation parameters in agreement with LMA. These experiments are different in so many aspects, yet the physics of neutrino oscillation ties them together in a beautifully consistent theoretical framework.
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